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Foreword 
Agriculture, along with energy and materials use, is one of the three key sectors of 
human economic activity that is currently causing many environmental problems in Eu- 
rope. The focus of this study is on the effects resulting from the excessive use of synthetic 
nitrogen fertilizers, and the inefficient use of animal manure as a source of fertilizer. 
Numerous studies have identified the leaching of nitrogen into aquatic systems as the 
cause of dangerously high levels of nitrates in drinking waters, eutrophication and anoxia 
in surface waters, and disruption of the food web in coastal marine waters. This study 
not only cites the current problems, but also provides an evolutionary perspective, based 
on an analysis of past problems, the processes which shape the kind of changes that have 
occurred, and a scenario of problems that might emerge in the future. 
Current agricultural problems exist because farmers, and agricultural planners in 
government and the agreindustry focussed too much attention on the benefits of inten- 
sive application of nitrogen fertilizers (i.e., spectacular increases in yields of agricultural 
crops), and did not foresee the environmental problems caused by intensification. The au- 
thors of this paper project the effects of fertilizer use to  the year 2010, based on the as- 
sumption that current trends will continue. They clearly demonstrate that such a trend 
is not ecologically sustainable, and analyze how future problems can be mitigated by the 
use of new technologies, and strategies for the more efficient use of animal manure. 
This paper is a valuable contribution to  IIASA's study, The Future Environments 
for Europe: Some Implications jor Alternative Development Paths. 
Bo R. Doos William M. Stigliani 
Leader Coordinator 
Environment Program Future Environments for Europe 
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THE ENVIRONMENTAL EFFECTS OF THE 
INTENSIVE APPLICATION OF NITROGEN 
FERTILIZERS IN WESTERN EUROPE: 
PAST PROBLEMS AND FUTURE PROSPECTS 
Philippe Souchu and Didier Etchanchu 
1. INTRODUCTION 
Over the last several decades, considerable attention has been focused on the 
influence of intensive nitrogen fertilization on the quality of the aqueous environments. 
Currently, there is no doubt that the use of chemical fertilizers and animal manure in Eu- 
rope is the major cause of nitrate accumulation in fresh and marine waters. 
The first goal of this work is to study the processes of nitrogen transfer from agricul- 
tural soils to coastal environments, and to review the main problems caused by excessive 
inputs of nitrogen. 
The second goal of the study is to review the changes that have occurred in the past 
and to define current trends. In the last part of this work, we provide scenarios of possi- 
ble changes in the next century. What will the environmental consequences be if current 
trends continue? What provisions could be made in order to  reduce nitrogen losses to the 
environment while maintaining agricultural productivity? Should these measures limit 
the losses of nitrogen or should they limit the inputs? What could be the contribution of 
new technologies in mitigating the problem? 
2. P R O C E S S E S  O F  C H A N G E  
2.1. Soils 
2.1.1. I n p u t s  
2.1.1.1. Inorganic nitrogenous fertilizers 
The most commonly applied N-fertilizers in European agriculture are ammonium ni- 
trate (with the highest nitrogen content), urea, ammonium sulfate and ammonium phos- 
phate. In most European countries, annual application rates of chemical fertilizers exceed 
70 kg N ha-' of agricultural area, while in the U.S.A. the mean value is 23 kg N ha-' 
(Table 1). The biggest consumers are the Netherlands (238 kg N ha-') and Denmark 
(147 kg N ha-'). 
Table 1. Annual consumption of N-fertilizer in various European countries. 
Country kg N ha-' 
Netherlands 238 
Denmark 147 
Belgium 132 
Luxembourg 122 
F.R.G. 114 
G.D.R. 111 
Hungary 95 
U.K. 86 
France 74 
Poland 70 
Sweden 70 
Italy 58 
Ireland 57 
Greece 45 
U.S.A. 23 
2.1.1.2. Animal m a n u r e  
Animal manure is the second most important source of nitrogen in European agricul- 
ture, and sometimes the primary one in areas of intensive livestock breeding (e.g., 60% of 
the inputs in Belgium). The chemical composition of manure is different for each animal 
species (Table 2). An important fraction of nitrogen is in organic form which is partly 
mineralized during the year of application. In most manure the main mineral fraction is 
in ammonium form (NH; - N) and represents 40 to 70% of the total nitrogen content. 
Application rates of animal manure are generally calculated from the number of an- 
imals, and from tables giving the mean quantity of nitrogen produced per animal for a 
given species (Table 3). 
Table 2. Tlistribution (%) of nitrogen in animal manure (C.C.E., 1978 and references cit- 
ed therein). Nm is the mineralized fraction ( N H ~  - N, urea, uric acid); N, is 
the organic fraction that  is mineralized during the year of manure application; 
Nr is the residual organic fraction--the nitrogen content is only released during 
the years following the year of manure application. 
Table 3. Amount of nitrogen in animal manure for each animal species per animal per 
year (Treguer, 1984). 
Type of Fertilizer 
Liquid manure of cattle 
Liquid manure of pigs 
Liquid manure of poultry 
Liquid manure of calves 
Pigs 
Poultry 0.24 kg 
Sheep 
2.1.1.3. Atmospheric precipitation 
Nm 
40 
50 
70 
80 
Wet  precipitation 
High concentrations of NOT - N and N H t  - N can be found in rainfall, not only in 
industrial regions, but also in agricultural areas. Mean annual concentrations of ammoni- 
um in wet precipitation vary from 20-100 pmol 1-I in Europe with a maximum in the 
Netherlands (Figure I),  while nitrate concentrations vary on average between 2-16 
pmol 1-I (Figure 2). 
Ne 
30 
22 
20 
9 
Dry deposition 
Nr 
30 
28 
10 
11 
Dry deposition of particulate and gaseous nitrogenous compounds also occurs, main- 
ly NHZ - NOT in fine particles, and NH3, respectively. They represent about 50% of the 
total deposition of NH3 and NH: in Europe (Asman and Janssen, 1986). 
Total deposition 
According t o  Grennfelt and Hultberg (1986), the total deposition of nitrogen (wet 
and dry) is as high as 30 t o  40 kg N haw1 yr-l in many areas in Central Europe. The esti- 
mate calculated from the data  given by Asman and Janssen (1986) is about 10 kg N ha-I 
for Western Europe. 
Figure 1 Measured NH: concentrations in precipitation in Europe (pmoll-l) (As- 
man and Janssen, 1986). 
2.1.1.4. N2 biological fixation 
N2 fixation is the conversion of atmospheric N2 to ammonium. The most important 
N2 fixing organisms belong to the bacterial genus Rhizobium, which occur within the 
roots of leguminous plants (clover, lucerne, etc.). These bacteria, through the activity of 
the enzyme Ynitrogenosen, fix N2 in symbiosis with the legume. 
The amount of N2 fixed by leguminous plants can reach 200 or 300 kg N ha-l yr-l 
according to the species, whereas cereals generally fix less than 10 kg ha-' yr-l (Royal 
Society, 1983.) The total amount of nitrogen fixed in soils may therefore be calculated 
from the areas covered by the leguminous plants. This input probably represents about 7 
kg ha-l yr-l on average in Europe (i.e. 7% of the total input of nitrogen on agricultural 
soils). 
Figure 2 Measured NOS concentrations in precipitation in Europe (Nodop, 1986). 
2.1.2. Outputs 
2.1.2.1. Plant uptake 
Nitrogen uptake by crops may be calculated from the specific N-content for a given 
plant (Table 4), and from statistical data on the plant production (Yearbook of Agricul- 
tural Statistics, 1985). The mean annual nitrogen output by crops in Europe is therefore 
estimated at  about 47 kg ha-l of total area or 77 kg ha-l of agricultural area. 
2.1.2.2. Ammonia volatilization 
A substantial volatilization of ammonia (about 10% on average) occurs in agricul- 
tural soils. Emissions are highest from livestock manure applied on grassland and arable 
land, but also occur from ammonium fertilizer application. According to  Buijsman, et al., 
(1985), 81% of the total ammonia emissions in Europe is due to  domestic animals (mainly 
cattle), 17% to chemical fertilizer and only 2% to  industry. Volatilization is therefore 
often calculated from the number animals and from known NHZ-emission rates for each 
type of manure. The mean European ammonia emiesions are about 10 kg ha-' yr-' of to- 
tal area (16 kg ha-' yr-l of agricultural area). However, some important spatial 
differentiation occurs owing to  the type of manure and fertilizer applied, and also to  the 
pH of the soil on which they are applied. For instance, the volatilization rate is higher 
when fertilizers are applied on calcareous soils with high pH values. 
2.1.2.3. Denitrification 
Denitrification is the conversion of nitrate to  gaseous nitrogenous products. The ma- 
jor end product of denitrification is N2, but nitrous oxide (NO2) may also be an important 
product under acid conditions (pH<5) and low temperatures (T<S°C). Up to  6% of the 
- 6 -  
Table  4. Nitrogen con ten t  in cultivated plants  in t h e  United Kingdom (Royal Society, 
1983). 
a) These are dry matter valuea. 
Crop 
Gross and Lucerne 
Silage 
~ a ~ ~ )  
g:$y 
Rough grazinga) 
Arable ailage 
Straw 
Burnt + baled 
Grain 
Wheat 
Barley 
Oata 
Mixed corn 
Rye 
Maize 
Fodder Crops 
Beans: stockfeed 
Turnipa, awedea k fodderbeet 
Mangolda 
Maize (green) 
Rape (atockfeed) 
Kale, cabbage etc. 
Roots and Vegetables 
Potatoea 
Bruaaela aprouta 
Cabbage k cauliflower 
Carrota 
Parsnips 
Turnips k awedea 
Beetroot 
Onion 
Leeks 
Beans (broad,runner and french) 
Peas 
Celery 
Lettuce 
Rhubarb 
Fruit 
Applea 
Pears 
Other top fruit 
Soft fruit 
Other Crops 
Sugar beet 
tops 
Rape, oilaeed 
Hops 
binea (burnt) 
Production 
(kt) 
22148 
7000 
18963 150
9495 
350 
6450 
9830 
71 5 
65 
30 
3 
120 
5520 
448 
923 
545 
2157 
7289 
206 
1073 
735 
77 
215 
116 
305 
38 
155 
325 
70 
137 
43 
398 
3 1 
3 1 
97 
708 1 
1260 
155 
9 
total N in soils is released by denitrification. The denitrification process occurs under con- 
ditions of reduced oxygen supply, generally in subsoils with low permeability. The 
denitrification rate is therefore strongly influenced by the level of the water table since 
wet soils generally have a more limited oxygen supply. 
The denitrification rate also depends on the pH of the soils. If pH is higher than 7 
under aerobic conditions, N H ~  is easily oxidized into NOT which is a stable form in wa- 
ter (Egboka, 1984). The nitrification process can therefore occur in soils with high pH 
values, for example, in calcareous media. Nitrification of ammonium fertilizers (NH4 NO, 
and (NH4 ) , SO4) applied on these soils releases protons (H+) which may contribute t o  
carbonate dissolution (Faurie, 1977; Durand, 1978) according t o  the following equations: 
NHZ + 20, = NO, + 2H+ + H,O 
Thus the overall equation can be written as follows: 
2 CaCO, + NH2 + 20, = NOT + 2 c a 2 +  + 2 HC0, + H 2 0  
Probst (1983) has shown for a calcareous Molasse basin of southwest France, that  
30% of the total carbonate dissolution may be attributed t o  the N-fertilizer application. 
In the same way, the increasing application of nitrogenous fertilizers on agricultural soils 
of the Garonne basin is responsible for an increase of 1% per year of the total carbonate 
dissolution (Etchanchu, 1987). When all the carbonates of the upper layers of the soils 
are dissolved and leached, then clays become sensitive to  the lixiviation, the structural 
stability of the soils decreases and mechanical erosion is accelerated. 
2.1.2.4. Leaching 
Leaching is a major source of NOT - N loss from soils when excessive amounts of 
fertilizer are applied. Currently in Europe, approximately one third of the total N applied 
as fertilizer and manure is leached to  the groundwater. This loss occurs by different path- 
ways: 
1) Water infiltrates through the unsaturated zone and into a zone containing high con- 
centrations of nitrate. 
2) Water is drained t o  rivers via channels. This flow component, sometimes called 
"subsurface runoff or "interflow", often contains more nitrate than groundwater 
(Probst, 1985; Etchanchu, 1987). 
3) In a less important pathway, water moves on the soil surface and in microchannels (during flooding), and quickly reaches macrochannels and rivers. It is called "surface 
runoff or "quick return flow", and mainly carries nitrogen in organic particulate 
form. 
Methods to  calculate the leaching: 
Estimation of nitrogen losses by leaching is difficult. Several methods have been 
used to  determine this loss, the easiest of which is the extrapolation of leaching from the 
nitrate concentrations measured in upstream waters (Billen et al., 1985 a,b). However, 
this method underestimates the process, in our opinion, because denitrification may occur 
between groundwater and river water. 
A better method is t o  estimate nitrate by direct measurement in drainage waters, 
but this requires extensive sampling because of the great heterogeneity of concentrations 
found in drainage waters. 
Some authors also use the NO3 - N/C1 ratio, measured at  different depths in the 
soil profile, in order to  distinguish leaching and denitrification. The ratio remains un- 
changed if the loss is only through leaching, but decreases if denitrification occurs (Yusop, 
et. al, 1984). 
Another method, proposed by Probst (1983, 1985), assumes that during storm runoff 
events, the streamflow is a mixture of three different components: surface runoff, subsur- 
face runoff and ground water flow or baseflow. Assuming that nitrate concentrations are 
constant in each reservoir, and that relative contributions of each reservoir change during 
a storm runoff period, the stream hydrograph can be subdivided into three separate flow 
components. The separation is based on the identification of the different components on 
the falling curve of the hydrograph (Figure 3). A simple mixing model is then used, based 
on hydrological and geochemical mixing of waters coming from different reservoirs: 
C being the NOT concentration, Q the water discharge, index t the total streamflow at  
the outlet, and the numbers 1, 2, 3, the different flow components. 
Figure 3 Separation of the different flow components on the storm hydrograph 
(Probst and Bazerbachi, 1986). 
Such an equation can be written for each sampling time. Discharges and concentra- 
tions are measured at the outlet of the basin. The discharges of the different flow com- 
ponents are estimated from the differentiation of hydrograph separations (Figure 3)) and 
the nitrate concentration in each flow is calculated by solving a system of n equations 
(n=number of samples), and three unknowns (the three components) by a multivariate 
linear regression (least squares method.). The main advantage of this method is to  give a 
general idea of the mechanisms of nitrate transfer in an agricultural watershed. 
For instance, in the Girou watershed (Garonne) during the hydrological year 1983- 
1984, the mean annual concentrations of nitrate found by this method were 50 mg 1-I in 
subsurface runoff, 38 mg 1-I in groundwater and 16 mg 1-I in surface runoff. Since 
groundwater, subsurface runoff and surface runoff accounted for 73%) 19% and 8% of the 
total water discharge respectively, their contributions to  the total nitrogen load in the 
river were 72%) 25% and 3% (Etchanchu, 1987). 
Factors influencing leaching 
The rate of nitrate leaching depends on many factors, for example, climate (rainfall), 
application rate of fertilizers and type of fertilizer, rate of irrigation (especially when us- 
ing sewage effluents), soil properties (texture, pH) and crop cover. 
It has also been shown that the use of organic manure might increase the biomass of 
microorganisms and consequently induce a significant decrease, by the denitrification pro- 
cess, in the amount of nitrate leached by the soil. Nitrate pollution could therefore be 
significantly decreased by combining chemical fertilizer with organic manure in appropri- 
ate proportions (Alfoldi, 1983). In the same way certain reducing materials could increase 
the reducing capacity of the soil, for example manure applied with pyrite and lignite con- 
tent (Alfoldi, 1983). 
Soil properties also have an important role in the denitrification process. The soil 
texture directly influences both the level of the water table and the redox potential. 
Denitrification is of minor importance in well aerated sandy soils, but becomes important 
in heavy-textured soils. According to Gustafson(l983), sandy soils lose more than twice 
as much nitrogen compared with the clay soils, primarily because the root depth is more 
shallow in the sandy soils and nitrogen below that depth is not available for the crop. 
The ability of soils to  reduce nitrates depends on the thickness of the unsaturated zone 
which forms an open oxidation system (Champ, et al., 1979; Alfoldi, 1983). In the sa- 
turated zone, and in clay soils with anaerobic conditions, this ability also relates to  the 
ferrous iron - nitrate redox system (Gustafson, 1983)and the quantity of oxidizable carbon 
(Egboka, 1984). 
The climate , and more specifically, the amount and distribution of precipitation, is 
one of the main factors influencing nitrate leaching. As will be demonstrated later, the 
amount of nitrate leached is well-correlated with runoff, especially if runoff occurs during 
or right after the application period of N-fertilizer. 
In conclusion, more than 90 kg N haa1 enter the soils annually from various sources 
in Western Europe. Among them, N-fertilizer application accounts for 49%) manure appli- 
cation for 33%, precipitation for 11%) and N2 fixation from the atmosphere 7%. Plant u p  
take of nitrogen from European agricultural soils is 52%; 48% of the nitrogen is lost to  the 
environment (27% through leaching into groundwater and river waters, 21% through 
denitrification and volatilization). Thus, nitrogen output from soils is closely linked to 
fertilizer and manure application rates. 
2.1.3. Relationships between input  a n d  ou tpu t  
in European  agricul tural  soils 
Several river basir-3 were selected for evaluation of the impact of agricultural inputs 
on nitrogen losses to  the environment. In addition, an evaluation was made on the na- 
tional scale for three countries. Included were the following: 
1) Two French basins: 
a) The Aulne basin (1800 km2 with 67% of agricultural area, (AA); Souchu, 1986 
a,b) 
b) The Garonne basin (55,000km2 with 47% of AA; Etchanchu, 1987). 
2) Three Belgian basins (Billen et al., 1985 a,b): 
a) The Scheldt basin (12,600km2) with 46% AA. 
b) The Meuse basin (13,900km2) with 41% of AA. 
c) The Yser basin (1100km2) with 68% of AA. 
3) Three countries: 
a) Belgium (30,500km2, 46% AA; Billen et al., 1983). 
b) United Kingdom (245,000km2, 75% AA, with a large grassland area; Royal So- 
ciety, 1983.) 
c) Denmark (43,000km2, 67% AA; Schroder, 1985.) 
Table 5 presents data on the nitrogen budgets in the agricultural soils of these areas. 
Additional data were analyzed to  establish the relation between NO: concentrations in 
river waters and fertilizer input; these data were for the Tisja river in Hungary, the 
Moselle river (Kattan, et al., 1986) and the Girou river (Etchanchu, 1987) in France, the 
Odense river in Denmark (Hagebro, et al., 1983), and, a t  the national scale, for England, 
Scotland, and Ireland (Royal Society, 1983). 
A strong positive linear relationship was shown between the total nitrogen output by 
plant uptake and the application rate of N-fertilizer and manure on soils (Figures 4 and 
5). Although application of N-fertilizer undoubtedly has a positive impact on agricultural 
productivity, we can see that the application rate of fertilizer and manure has to be in- 
creased by a factor of 4.6 (from 50 to 230 kg ha-') in order to produce a three-fold in- 
crease in production. We may assume that, for higher application rates of fertilizer, the 
plant uptake could then reach a maximum after which the relationship is no longer linear, 
but rather is a logarithmic one. 
As we can see in Figure 4, the mean European values for N-fertilizer application and 
plant uptake (2), calculated from the data of the Agricultural Yearbook is lower than the 
mean values calculated for the selected basins (1). In fact, these basins are under more in- 
tensive agriculture than the average of the European countries. 
On the other hand, a good relationship was also found between N-fertilizer input and 
nitrate leaching (r = 0.92; Figure 6) as well as nitrate concentrations in river water (r = 
0.92; Figures 7 and 8). The higher the fertilization rate, the higher the losses by nitrate 
leaching and the higher the concentrations in groundwater and river water. The increase 
of N-fertilization rate by a factor of 2 (from 65 to  130 kg N ha-') results in a three-fold 
increase in leaching and a more than two-fold increase in nitrate concentration in river 
waters. The discharge of nitrate by rivers to  coastal waters is therefore doubled (Figure 
9). 
The relation between fertilizer input and leaching shows that there is no leaching 
when the application rate of chemical fertilizer is less than 37 kg N ha-l (of agricultural 
area). In fact, leaching does occur below this value. The relationship between fertilizer 
Table 5. Nitrogen budget in agricultural soils of several basins and countries in Europe. 
Garonne Aulne Scheldt Meuse Yser Belgium UK Denmark 
1980 1978 1980 
in kg ha-' of total area 
N-Fertilizer 32.0 66.7 77.7 30.2 100.0 60.3 47.0 87.1 
Manure 29.1 116.7 94.4 61.1 136.0 107.9 41.6 73.0 
Total fertilizer 61.1 183.4 172.1 91.3 236.0 168.2 88.6 160.1 
Precipitation 8.3 3.9 11.1 7.9 12.7 11.3 11.7 10.0 
N2 Fixation 3.8 1.7 6.4 6.7 
Crops 35.2 94.4 107.1 63.3 127.0 81.0 55.5 77.0 
Leaching 15.4 44.4 7.9 7.9 14.5 7.8 13.9 64.0 
Volatilization 13.4 22.2 24.2 16.5 37.0 26.8 22.4 38.0 
Denitrification 9.1 27.7 43.2 11.5 67.5 64.2 14.9 20.0 
Garonne Aulne Scheldt Meuse Yser Belgium UK Denmark 
1980 1978 1980 
in % of the total input and output 
N-Fertilizer 44 35 42 3 1 40 34 44 49 
Manure 40 62 52 61 55 60 39 4 1 
Total fertilizer 84 97 94 92 95 94 83 90 
Precipitation 11 2 6 8 5 6 11 6 
N2 Fixation 5 1 6 4 
Crops 48 50 58 64 5 1 45 52 39 
Leaching 21 23 5 8 6 5 13 32 
Volatilization 18 12 13 16 15 15 21 19 
Denitrification 13 15 24 12 27 35 14 10 
and leaching would be probably non-linear if there were data corresponding to  low appli- 
cation rates of chemical fertilizer. 
The strong correlation between volatilization of NH3 and manure application rate is 
logical (Figure lo), since the volatilization is generally calculated from the number of an- 
imals and the amount of manure emitted by each species. 
Figure 4 
N FERTlLlZER kg.ha-1 total area 
Plant uptake versus chemical fertilizer application rate. Number 1 signifies 
the average for the 8 basins of Table 5.  Number 2 is the mean European 
value. 
Y FERTILIZER + HAMURE k g N .  ha-1 total area 
Figure 5 Plant uptake versus chemical fertilizer and manure application rates. 
Figure 6 
Figure 7 
kd FERTILIZER kg. ha-1 agricul turd1 area 
Leaching of nitrate versus chemical fertilizer application rates 
I FERTILIZER kgY. ha-1 to ta l  area 
Nitrate concentration in river waters versus chemical fertilizer application 
rates. 
Y FERT 1 L IZER + l tANURE kgN. ha-1 agricultural area 
Figure 8 Nitrate concentration in river waters versus chemical fertilizer and manure 
application rates. 
Y FERTILIZER k g . h a - l  total  area 
Figure 9 N-NOT exportation by rivers versus fertilizer application rates. 
UAYUEE kgY. ha-1 total  area 
Figure 10 Volatilization of N-NH3 versus manure application rates. 
2.2. The Nitrate Problem in Groundwater and Surface Waters 
2.2.1. Effects of nitrates on man 
Nitrate as such is relatively non-toxic to human beings and animals, but under cer- 
tain conditions it can be reduced to nitrite by denitrifying bacteria in the upper digestive 
tract of infants. Nitrates react with hemoglobin (methemoglobin formation) and reduce 
the capacity of blood to carry oxygen to the tissues. The symptoms vary according to the 
level of methemoglobinemia. Levels of 20 to 40% of methemoglobin in blood are generally 
accompanied by signs of hypoxia and symptoms such a weakness, external dyspnea, 
headaches, tachycardia and loss of consciousness. Death may occur a t  levels exceeding 
50% of methemoglobin. 
Possible development of cancer from nitrosamines may also result from the ingestion 
of water containing high concentrations of nitrate. It has been found that Escherichia coli 
and some species of streptococci could synthesize nitrosamines from nitrites. 
2.2.2. Standa..de for nitrate in drinking water 
Because of the lack of evidence of health problems occuring when nitrate concentra- 
tions in drinking water are below 50 mg NOT 1-I, the standard adopted in 1980 by the 
E.E.C. was 50 mg NOT 1-I for the maximum acceptable concentration, and 25 mg 1-I for 
the recommended level. The nitrate limit for drinking water given by the World Health 
Organization (WHO) and the U.S. Environmental Protection Agency ie 45 mg NO; 1-I. 
2.2.3. Utilization of groundwater and surface water in Europe 
According to the Commission of the European Community (1982)) 48% to 68% of 
the groundwater sources are used for drinking in western European countries (Table 6). 
The contribution of groundwater to the total used for the public supply varies according 
to the country (Table 7). Some countries like Denmark and the F.R.G. take most of their 
drinking water from groundwater, whereas some others like France, Ireland, and England, 
use much more surface water for the public supply. The population affected by the ni- 
trate problem is therefore larger in countries using mainly groundwater, since groundwa- 
ter is generally more enriched with nitrate than surface water owing to  the denitrification 
process in the latter. 
Table 6. Different uses of groundwater in Europe (in %). 
Drinking Industry Agriculture Others Total lo6 m3 
BELGIUM 68 32a 62 1 
DENMARK 40 22 35 3 1317 
FRANCE 55 32 8 5 5732 
ITALY 53 12 34 1 12162 
IRELAND 64 36a 169 
NETHERLANDS 61 34 5 1449 
F.R.G. 48 49 2 1 7339 
a) Indicates total for industry plus agriculture. 
Table 7. Contribution of groundwater and river water to the total water used for public 
supply. 
GROUNDWATER RIVER WATER 
BELGIUM 67 33 
DENMARK 95 5 
ENGLAND 32 68 
FRANCE 22 78 
F.R.G. 90 10 
IRELAND 23 77 
LUXEMBOURG 45 55 
NETHERLANDS 62 38 
2.2.4. Actual concentrations of nitrate in 
groundwater and river water 
In France in 1980-1981, 80.4% of the population was supplied by water with less 
than 25 mg NOT 1-I, 17.4% by water containing 25 to  50 mg NOT 1-I and 2.2% by 
water with more than 50 mg NO; I-' (Ballay et al., 1985). 
In the Great Ouse basin (England), 31% of sources for public water supply have 
nitrate concentrations below 25 mg I-', 56% have concentrations between 25 and 50 mg 
I-', and 13% exceed 50 mg 1-I (Tester e t  al., 1985). 
Nitrate concentrations in groundwaters often exceed 50 mg 1-I in European agricul- 
tural areas, but some important variations occur according t o  the type of land use. For 
instance, in the Great Ouse basin, Tester, et  al. (1985 found concentrations of 45 t o  175 J mg NOT 1-I for fertilized arable land, 18 to  45 mg 1- for fertilized grassland, and 4 to  8 
mg 1-I for woodland and rough grazing. These values may be considered as representative 
of European groundwater and concentrations higher than 100 mg N O 3  1-I are now fre- 
quent in fertilized arable land. Since one half of the agricultural area is in arable land and 
the other half grassland, the actual concentration of nitrates in European groundwaters 
averages 45 mg 1-I. 
Nitrate concentrations are generally lower in river waters due t o  losses by 
denitrification in groundwaters and sediments as well as uptake of aquatic plants. These 
losses may be very important in rivers with long residence times and low specific 
discharges. They represent 9% of the upstream load in the river Meuse (Dermine, 1985), 
33% in the downstream load (Billen et al., 1985 a,b), 30% in the Garonne River (Probst, 
1983; Etchanchu 1987), and up to  73% in the Scheldt River (Billen, 1985a). Nitrate con- 
centrations then generally decrease in the lower reaches of the largest European rivers and 
mean annual concentrations do not exceed 30 mg NOT 1-I in most rivers (8 mg 1-I in the 
Garonne and Moselle rivers, 14 mg 1-I in the Meuse River, 16 mg 1-I in the Rhine River). 
Nevertheless, we must stress the fact that  nitrate concentrations display a marked sea- 
sonal variation. 
2.2.5. Seasonality of the nitrate load in rivers 
The seasonality of nitrate transport plays a dominant role in the quality of river 
water and in the ecological disequilibria in coastal waters. Peak periods of nitrate concen- 
tration occur simultaneously, in most cases, with peak periods of water discharge (Figure 
11). 
A typical logarithmic relationship can be found between nitrate concentration and 
water discharge (Belamie, 1983; Dermine, 1985; Souchu, 1986 a,b; Etchanchu and Probst, 
1986). (See Figure 12). Such a relationship characterizes a non-point source pollution 
where soil leaching is predominant. 
During highflow periods nitrate concentrations may sometimes reach the E.E.C. 
limit, but during storm runoff events, the concentration decreases by dilution when sur- 
face runoff occurs and becomes dominant. 
Consequently, in many rivers, more than 90% of the annual load of nitrogen is tran- 
sported into marine ecosystems during the winter period (between November and April) 
when biological processes are slowed by climatic factors and longer residence times (Fig- 
ure 13). On the other hand, domestic and industrial inputs represent the main sources of 
nitrogen t o  the rivers during the summer period. Their contribution t o  the annual load is 
variable according t o  the country, 20% Denmark (Hagebro et  al., 1983), 40% in Finland 
(Kauppi, 1984), and 65% in Belgium (Billen et  al., 1985 a,b). 
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Figure 11 Comparison between the fluctuations of nitrate concentrations and the wa- 
ter discharge in the Aulne river (Brittany) (Souchu, 1986 a,b). 
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Figure 12 Relationship between the nitrate concentrations measured in the Aulne 
river and the water discharge (Souchu, 1986 a,b). 
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Figure 13 Monthly transport of dissolved inorganic nitrogen by the Aulne river (10 
tons per day) (Souchu, 1986 a,b). 
2.2.6. Eutrophication problem 
The nitrogen and phosphorus added by agricultural leaching and waste water 
effluents contribute significantly to the eutrophication process, which can be considered as 
a major problem in many lakes. The amounts of inorganic nutrients available is usually 
the limiting factor to autotrophic growth, but in some cases the amount of light may also 
be the limiting factor because of high turbidity levels in the water. Although the e u t r e  
phication problem is less severe in river waters because of shorter residence times, atten- 
tion can be drawn to some possible consequences of using eutrophic water for water s u p  
ply and other purposes. Among problems resulting from this ecological disequilibrium, 
clogging of water treatment filters, undesirable taete and odor can be mentioned. 
2.3. Estuar ies  
2.3.1. In t roduc t ion  
Estuaries are some of the most thoroughly studied ecosystems since they form the 
boundary for mixing between fresh and sea waters. Also, they are characterized by com- 
plex biological, chemical and physical processes in which nitrogenous compounds are in- 
volved. It is beyond the scope of this paper to investigate the many diverse functions of 
nitrogenous compounds in estuarine processes. Rather, we focus on the fate of nitrogen of 
agricultural origin, and the role played by industrial and domestic sewage in estuarine wa- 
ters. 
2.3.2. Winter period 
Rivers transport nitrogen (in nitrate form) to  estuaries during the highflow period, 
and most of the nitrogen in river waters originates from leaching for agricultural land. In 
winter and spring, the behavior of nitrogen is controlled by physical, chemical and biolog- 
ical processes (Wollast and Duinker, 1982). The main biological processes incorporate 
nitrogen into organic compounds. Nitrogen is released by the mineralization of particu- 
late and disolved organic matter through denitrification and other microbial processes 
(Zwolsman, 1986). One of the best ways of estimating the behavior of nitrate in estuaries 
is t o  compare the changes in its concentration with changes in chlorinity (or salinity, S) 
along the salinity gradient. A theoretical dilution line can be drawn between the riverine 
concentration (S=O%) and the concentration found in sea water (S=35%). As we have 
seen, concentrations in river water exhibit much seasonal variation (Figure 11). Most 
important is the winter rainy season since more than 90% of the nitrogen is discharged to  
coastal ecosystems during this period (Figure 13). In the Aulne and Elorn estuaries, dis- 
solved inorganic nitrogen concentrations strongly follow the theoretical dilution curve and 
consequently display a conservative behavior during winter months (Figure 14). This 
general pattern can be extended to  the majority of European estuaries. During flood 
periods, the short residence time of estuarine waters as well as the climatic conditions 
(low temperature and little light) strongly limit biological processes. Consequently, 
nitrate-enriched freshwaters are quickly dispersed into coastal waters due t o  the action of 
tidal currents and the river-flushing effect. Only the establishment of frontal zones fol- 
lowing the flood period prevents the dilution of nitrate-rich freshwaters with oceanic 
waters. 
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Figure 14 Conservation of dissolved inorganic nitrogen in Aulne and Elorn estuaries 
in winter ee a function of the theoretical saline dilution curves. 
2.3.3. Summer period 
In temperate ecosystems, the low water levels and long residence times associated 
with the summer period promote not only stratification in the estuary, but also biological 
processes. These conditions foster non-conservative behavior of many dissolved chemi- 
cals, especially nitrogenous compounds, along the salinity gradient. With decreasing rain- 
fall accompanied by decreased leaching of soils, nitrogen inputs from agricultural lands 
decrease, but domestic and industrial inputs remain the same. Although precise quantita- 
tive data are lacking, the available evidence suggests that sewage can constitute an 
important source of nutrients (about 20% of the total amount in Europe) in coastal 
waters that are frequently nitrogen-depleted during summer (Souchu, 1986 a,b). The 
non-conservative behavior of mineral nitrogen suggests that it is partially removed within 
the estuary by phytoplanktonic uptake and bacterial processes. The Scheldt estuary (Bel- 
gium) is a good example (Wollast and Peters, 1978; Billen et al., 1985 a,b): 80% of nitro- 
genous compounds entering the estuary is of domestic and industrial origin. The long 
residence time of water characterizing this estuary (30 to 90 days) promotes intensive 
mineralization of organic compounds and therefore depletion of dissolved oxygen. Since 
nitrate serves as an oxygen source, two-thirds of the nitrogen amount discharged to the 
estuary is removed, chiefly by denitrification (Figure 15). 
However, the anoxic conditions prevailing in the estuarine waters of the Scheldt may 
not be representative of all European estuaries. Nevertheless, this example focuses on the 
potential importance of estuaries as sinks for nitrogenous compounds under heavy 
organic-matter loading conditions. Additionally, phytoplanktonic species (essentially dia- 
toms) contribute to the consumption of the total dissolved inorganic nitrogen during this 
period. 
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Figure 15 Longitudinal profiles of dissolved nitrogen species and oxygen in the 
Scheldt estuary during the summer (from Wollast, 1983). 
2.3.4. Conclusion 
In the absence of climatic anomalies (e.g., dry winter or rainy summer), a general 
pattern can be described to  understand the response of estuaries t o  nitrogen inputs of an- 
thropogenic origin: 
1) During flood periods (generally between November and April), estuaries simply act 
as corridors for nitrogen of agricultural origin (nitrate lost from soil leaching). In 
winter, this source contributes more than 90% of all nitrogen inputs t o  the aquatic 
ecosystems. 
2) During dry periods, inputs are very small and stem primarily from industrial and 
domestic sewage. Biological processes, especially denitrification and consumption by 
phytoplankton which are enhanced by the increase of temperature and residence 
time of waters, consume much of the nitrate before it reaches the estuary. 
2.4. Coastal Waters 
2.4.1. Availability of nutrients in relation 
to phytoplankton dynamics 
During winter, temperature and light play the major role in limiting plant produc- 
tion, but in spring nutrients rapidly become the most important limiting factor. Rivers 
constitute an important pathway of fertilization for marine ecosystems and primary pro- 
ductivity may respond to  high nitrogen inputs by increased production rates. In addition, 
dissolved silica may limit diatom and silicoflagellate growth. Phosphorus is also impor- 
tant in controlling macro- and microphyte growth. 
In the North Sea, the inputs of nitrogen have been estimated at  1.5 million tons per 
year, and those of phosphorus at  0.1 million tons (International North-Sea Conference, 
1987): that gives an N/P ratio of 15 which is very close to the Redfield's ratio. Consider- 
ing the faster recycling of phosphorus and potential inputs of phosphorus from sediments, 
it is justified to  stress the role of nitrogen inputs in assessing eutrophication problems. In 
contrast to  nitrogen and phosphorus, anthropogenic sources of dissolved silica are unim- 
portant compared to natural weathering reactions (Zwolsman, 1986). Consequently, 
excessive nitrogen in coastal water may promote species which do not consume silicon. 
The question of limiting factors is very complex, and even if we commonly assume that 
nitrogen is the main factor limiting primary productivity in marine water, there are 
always exceptions (Martin-Jezequel, 1981; Queguiner, 1986). For example, Hafsaoui, et 
al., (1985) have shown that, in the Bay of Brest (typical coastal ecosystem in the western 
part of France), each nutrient (N and Si alone, P + Si, and N + Si at the same time) can 
limit the pelagic primary production depending on season and depth. 
At the beginning of the growing season, diatoms dominate the phytoplankton popu- 
lation leading to  nutrient-depleted conditions. During the following period, oligotrophic 
conditions occur and the dominant species are commonly dinoflagellates (Margalef, 1984), 
which, as explained in the next section, sometimes cause serious ecological problems. The 
coastal waters are one of the most vulnerable areas in the marine ecosystem since they are 
directly exposed to  terrestrial inputs. Thus the response of macrophytes to  increasing 
concentrations of nitrogen in near-shore waters is of critical importance. 
2.4.2. Coastal eutrophication and ?red tidesn 
2.4.2.1. Introduction 
Red tides have been documented throughout history in all parts of the world. The 
occurrence of a dense population of a single phytoplankton species is not in itself striking. 
However, some outbreaks of toxic dinoflagellate species lead to mass killings of marine 
invertebrates and fish, and to "shellfish poisoningn. Humans eating contaminated shellfish 
may also be poisoned. The frequent occurrence of such phenomena since the 1960's and 
their economic impact have caught scientists' attention (Partensky and Sourina, 1986). 
Among marine phytoplankton, dinoflagellates form a large family whose taxonomy and 
couplex variation of toxic effects give rise to much discussion. (For example, see Reid, 
1980.) 
2.4.2.2. Biological and physiological characteristics of 
dinoflagellates with emphasis on Gyrodinium aureaulum 
Tolerance to  physical factors 
Although dinoflagellates have been observed in waters displaying a large tempera- 
ture range, the blooms of these species are more frequently recorded in warm water (15" 
to 20" C), and are usually absent from waters with temperatures under 10" C. On the 
other hand, they show euryhaline (0 to 36%) and euryphotic properties. 
Chemical demand 
Dinoflagellates differ from diatoms in that they do not need silica for their growth. 
So, from a nutritional point of view, their productivity only depends on the availability of 
nitrogen and phosphorus compounds. They are less sensitive than the diatoms to chemi- 
cal pollutants such as hydrocarbons, and their growth can be enhanced by polluted waters 
(Greve and Parsons, 1977). Gyrodinium aurcaulum is capable of assimilating dissolved 
inorganic nitrogen in the dark. Queguiner (1986) has pointed out that some species can 
consume organic phosphorus. But most importantly, they have flagella and are thus able 
to swim downward into the nutrient-rich deep water to  obtain nutrients during the night 
and return to  the euphotic zone during the day (Cullen and Horrigan, 1981). 
2.4.2.3. Occurrence of red tides and their dependence 
on anthropogenic nutrient sources 
The hypothesis of Legendre and Demers (1985) states that phytoplanktonic blooms 
always occur a t  the spatio-temporal interface between unstable and stable conditions. 
Spatio-temporal interfaces include thermoclines, haloclines and stabilization- 
destabilization rhythms in the water column (spring tide-neap tide, flow ebb). All these 
interfaces can be described by the global term of "ergocline". The concept of ergocline is 
illustrated in the literature with regard to the occurence of red tides. It is well known 
that stratification of water is favorable and even necessary to  dinoflagellate blooms (Guz- 
man and Campodonico, 1978; Fonda Umani, 1985; Garcon et. al., 1986). 
In Northern European marine waters, the geographic distribution of red tides is 
closely linked with frontal zones which are established outside some coastal areas between 
April and September. (See Figure 16.) As indicated earlier, most of nitrogen of agricul- 
tural origin is discharged into the continental shelf waters during flood periods. In many 
cases, these nitrogen enriched waters are prevented from dilution with oceanic water by 
the establishment of frontal zones. This may constitute an important method of nutrient 
enrichment required for dinoflagellate blooms occuring in this zone (Figure 17). 
Storms and heavy rainfalls can be followed by red tides in coastal waters (Morton 
and Twentyman, 1971; Schrey, et. al., 1984). Such storms mix nutrient-rich deep water 
with the surface layer. The subsequent return to  stable conditions (warming of surface 
water and absence of wind) provides a temporal physico-chemical transition which can 
promote dinoflagellate blooms. 
Rainfall itself is also a potential source of nutrients for phytoplankton (Correll and 
Ford, 1982; Duce, 1985; Paerl, 1985). Volatilization of ammonia from manure and emis- 
sion of NO, from industrial activities contribute to atmospheric sources of nitrogenous 
compounds. Heavy rainfalls (as may occur during summer) can lead to  the deposition of 
a several millimeter-thick layer of nitrogen-enriched freshwater onto the marine surface 
water. Under optimum conditions of stability (neaptide, absence of wind), the mixing of 
rainwater with marine water is limited to the upper few centimeters and the halocline 
may enhance dinoflagellate blooms. 
Figure 16  Distribution of red tides (A, Gyrodinium aureaulum) in North European 
waters (after Partensky and Sourina, 1986) and of green tides ( 0 )  (after 
Brault et al., 1986). 
2.4.2.4. Economic and ecological consequences of red tides 
Toxic effects of dinoflagellates on other marine organisms are well documented (e.g. 
see review by Partensky and Sourina for Gyrodinium aureaulum, 1986). Invertibrate 
species (lugworms, sea-urchins, molluscs, etc.) as well as vertebrate species are affected. 
When flagellates are the main source of food for zooplankton, the food web pathway tends 
to  favor marine predators of no economic interest, such as stenophores or medusae (Greve 
and Parsons, 1977). On the other hand, diatom species usually support a food web path- 
way favoring young fish of economic interest. Moreover, dinoflagellates more easily de- 
plete waters of oxygen than do diatoms because of the high mucilage concentration asaoci- 
ated with their blooms. The mucilage increases the viscosity of surface waters and conse- 
quently hinders efficient oxygenation of deeper layers, especially in stratified waters. Tox- 
ins released by many dinoflagellate species render shellfish unsuitable for human consump 
tion, and their toxic effects on other marine species cause serious problems for the aqua- 
culture industry. 
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Figure 17 Typical distribution of temperature for frontal zones in European coastal 
waters. They develop in spring and disappear in fall. Three water-masses 
can be characterized: (A) Oceanic water under the thermocline and the 
aphotic zone, cold and not nutrient-depleted; (B) oceanic water above the 
thermocline and in the aphotic zone, warm and nutrient-depleted; (C) coa- 
stal water well-mixed by tidal current, nutrient-enriched by freshwater. 
Provides nutrients for phytoplanktonic blooms taking place at the frontal 
zone. 
2.4.3. Coastal eutrophication and  =green tides" 
2.4.3.1. Introduction 
Excessive growth of green seaweed, called "green tidesn, in Brittany (France), is 
becoming a common phenomenon in sheltered marine bays (see Figure 16.) The algal 
species involved in the development of green tides belong chiefly to the family of Ulvacae, 
whose main genera are Entermorpha and Ulva. These algae are inclined to proliferate in 
shallow bays with low wave conditions and absence of wind. They start blooming at the 
beginning of the summer period and form thick algal mats (10 to 15 cm) on the shoreline 
where they remain until the first autumn storms and equinox tides remove them. This 
mode of eutrophication is attributed to the increasing discharge of nitrate from agricultur- 
al runoff to coastal ecosystems, but sewage effluents also contribute to the problem. 
2.4.3.2. Ecology a n d  resilience of Ulvacae 
Tolerance to  physical factors 
The successful growth of these plant species is governed by several physical factors 
( F i t ~ ~ e r a l d ,  1978; Lowthion, et. al., 1985). Numerous species of Ulvacae are known to 
tolerate drastic changes in salinity (0 to 40%) owing to  their oemoregulatory system 
which is capable of accumulating salts against a diffusion gradient. Their eurythermal 
properties are evident from the wide distribution of these algae in both tropical and tem- 
perate waters. Since Ulva and Entermorpha species have no mucilaginous covering, they 
are likely to die quickly upon dessication, but the thickness of the mats reduces evapora- 
tion, thus ensuring a favorable microclimate for the subsurface macroalgae. Finally, these 
algae have a wide tolerance to varying light intensities. 
Chemical demande 
Green algae display a wide tolerance to polluted waters (Edward, 1972), and they 
respond vigorously in culture to enrichment by sewage effluent (Montgomery et. al., 
1985). Harlin and Thorne-Miller (1981) have shown that ammonium and nitrate enrich- 
ment strongly stimulate the growth of green algae in seagrass beds (while a red one, C r a -  
cilaria tikvahiae was not enhanced). Phosphate has no effect, doubtlessly because of the 
availability of this nutrient due to release from sediments (Montgomery, et. al., 1985). 
Ulva sp. is capable of incorporating at the same time both ammonium and nitrate. It can 
maintain a reduced growth rate during long periods (up to 44 days) under limiting nitro- 
gen conditions and can also absorb organic nitrogen as urea (Brault, et. al., 1986). Conse- 
quently, Entermorpha and Ulva species are virtual nitrogen sponges and it is not surpris- 
ing that in seagrass beds they compete successfully, grow rapidly, and shade other benthic 
plants. It is quite obvious that a spill of nutrients (especially nitrogen) into semi-enclosed 
shallow marine systems may promote blooms of green seaweeds. 
2.4.3.3. Ecological and economic consequences of green tides 
Ecological consequences 
Along the western European shore, wide areas of former open mudlands are covered 
by proliferating green algae during the summer period. The effects on the underlying sed- 
iment have repercussions on the entire food web. First, the thickness of the mats 
prevents the sediments from becoming oxygenated, which may lead to anoxia with hydro- 
gen sulfide release (Warfe, 1977; Nicholls, et. al., 1981). Moreover, algal mats contribute 
to accumulation of organic particles in the sediment (Frostick and McCave, 1979). Dense 
algal mats on the surface sediments change the invertebrate macrofauna beneath them, 
first by reducing the biomass and the diversity of the mud-dwelling infauna (Warfe, 1977; 
Reise, 1983), but also by increasing the number of epibenthic animals, especially grazing 
species (Nicholls et. al., 1981.). The infauna of intertidal flats supports large populations 
of fish and bird predators. Since the proliferation of green algae promotes herbivorous 
species (ducks and geese), the physical presence of the mats themselves prevents other 
birds, such as waders, from exploiting the fauna under and within the mats (Soulby, et. 
al., 1982). 
Economic e f e c t s  
Green tides are viewed as a nuisance by the hotel and tourism industries since the al- 
gae accumulate on recreational beaches. If algal mats are not removed and the beaches 
raked frequently, they hinder bathing and boating. Moreover, there are episodes of obnox- 
ious odors attributable to  the algal decay. Green tides may be considered as an impor- 
tant source of pollution since they can lead to  anoxia and release of hydrogen sulfide. The 
latter is highly toxic for shellfish beds (cockles, mussels) which are exploited by fisheries. 
2.4.4. Conclusion 
Dinoflagellates and green algae display a wide adaptability to drastic changes in 
physico-chemical conditions in the environment (temperature, ealinity, light and nutrient 
levels). They are more able than other species to grow in polluted waters and therefore 
can take advantage of nutrient inputs of anthropogenic origin. Red tides more often oc- 
cur in frontal zones where they find optimum conditione of growth, and the enrichment of 
coastal waters by nitrogen of agricultural origin may be a determining factor in this eu- 
trophication process. It must be stressed that especially nitrogen-enriched rainfalls (with 
ammonia from manure volatilization for instance) provide favorable conditions for 
dinoflagellate blooms. Though the development of green tides is limited to sheltered bays, 
their growth area corresponds to the richest biological near-ehore zones (oyster and 
mussels beds) and also to recreational beaches. 
Increasing nitrogen (and also phosphorus) levele may be expected to produce changes 
in these algal populations in the future. Their increase could lead to large areas of shore- 
line becoming unsanitary and even poisoned, owing to the decay of the algae and release 
of hydrogen sulfide under anoxic conditions prevalent in the underlying sediment. The 
resulting disappearance of numerous invertebrate and vertebrate species could constitute 
a chief ecological disequilibrium for near-shore ecosystems. Though economic conse- 
quences resulting from green tides may be disastrous for shellfisheries, the consequences of 
the increasing dominance of dinoflagellates in the food-web are even more serious. In ad- 
dition to the direct toxic effects caused by red tides, dinoflagellates do not constitute an 
available food source for the trophic chain leading to small fish. Hence, in areas dominat- 
ed by dinoflagellates, economically important fish species may become extinct. 
3. C H A N G E S  IN THE P A S T  
3.1. Struc tura l  Changes 
3.1.1. Before t h e  Agricultural Revolution (several millenia ago) 
Before the Agricultural Revolution, moat European mils were covered by forest. In 
this ecosystem, the nitrogen cycle displayed a simple pattern (Figure 18) and the different 
nitrogenow compounds (inorganic and organic nitrogen) were efficiently utilized. Thus 
losses from soils were very small. 
Figure 18 Nitrogen cycle in a forest ecosystem (after Billen et al., 1983). 
3.1.2. T h e  Agricultural Revolution (more t h a n  300 years  ago) 
During the Agricultural Revolution, agricultural areas were more or leee closed sys- 
tems where the minor export of products and the efficient utilization of manure as a fertil- 
izer avoided major losses of nitrogen (Figure 19). Fallow and leguminous cultivation were 
practiced to maintain good soil fertility. Agricultural yields were alm relatively low. 
3.1.3. The Industr ial  Revolution ( the  last 300 years) 
During the Industrial Revolution, the development of "urban societies" and the in- 
creasing demand for agricultural products led to structural changes in agriculture (Figure 
20). Replacing the closed system was one where large amounts of food and fodder were 
exported to the cities and intensive livestock-breeding areas. In order to increase the p r e  
ductivity of agriculture and to compensate for the nutrient export, more land had to come 
under cultivation. After World War 11, increasing demand was met by adding ever in- 
creasing amounts of synthetic nitrogen fertilizer per unit of land area. With regard to the 
nitrogen cycle, the nutrients consumed by urban dwellers do not return to the soil, but 
are directly discharged to sewage system and subsequently into the aquatic environment. 
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Figure 19 Nitrogen cycle in a traditional agriculture system before Industrial Revolu- 
tion (after Billen et al., 1983). 
Moreover, the latter receives nitrogen due to leaching of excess chemical fertilizers from 
the soil. This basic system has remained unchanged for the last 40 years, except that the 
losses of nitrogen to aquatic environments have increased owing to enhanced agricultural 
activities and urban growth. (Compare Figures 20 and 21.) 
3.2. Trends of Agricultural Inputs and Outputs 
Between 1958 and 1984 
Although the amount of arable land in Europe has decreased by 8% during the 
period 1958-1984 (Eurostat, 1985), application of chemical fertilizer increased 3.5-fold 
during that period (Figure 22). Intensification of breeding ectivities has increased the 
amount of manure l . l fold,  but it is not completely returned to the soil; about 20% is 
dumped into the aquatic environment. The "natural inputn to the soil decreased 1.3-fold, 
even though the load of nitrogenous compounds in atmospheric precipitation increased. 
The decrease was mostly due to the decline of leguminous plant cultivation by 12% (Eu- 
rostat, 1985). At the same time, plant uptake of nitrogen increased only 1.5fold (Figure 
23). Thus, one may assume that the rate of leaching has tripled. 
In conclu~ion, the agricultural system has continuously increased its losses to the 
aquatic environment, mostly by leaching of nitrate-nitrogen from the soil. Moreover, 
manure has become a pollutant rather than a resource as it once was, and the increase of 
domestic and industrial sewage (1.7-fold) has contributed to the added inputs of nitrogen 
to aqueous systems. 
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Figure 22 Trends of fertilizer application in European countriea between 1958 and 
1984. 
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Figure 98 Trenda in cereal cropping in European countriea between 1958 and 1984. 
3.3. Environmental Changes in Aquatic Syeteme 
3.3.1. Groundwater 
Insufficient data were available to evaluate the mean concentration of nitrates in Eu- 
ropean groundwaters in 1958, but if it is assumed that the concentration has increased a t  
the same rate as leaching, nitrate content in groundwaters rose from 15 mg 1-I in 1958 to  
45 mg 1-I in 1984. 
3.3.2. River watera 
During the last decades, substantial increases of NO- concentrations have been 
recorded in most European rivers: +38% in the Moselle River (Kattan, et. al., 1986) and 
+78% in the Garonne river (Etchanchu, 1987) during the period 1971-1983; +71% in the 
Danish rivers (Hagebro, et. al., 1983) between 1967 and 1981. The nitrate concentration 
in the Rhine River rose from 3.5 mg 1-I in 1950 to 16 mg 1-I in 1980 although it  was 
nearly stable before 1950. 
On the European scale, the total amount of nitrate exported by the rivers has in- 
creased at  the same rate as that found for leaching; thus by a factor of 2.8 to 3 between 
1950 and 1984. Then, we estimate that mean nitrate concentrations in European rivers 
increased from 2 to 6 mg 1-I in 1950 to  12 to 18 mg 1-I in 1984. 
3.3.3. Marine watere 
It was not possible to quantify the ecological consequences of increased inputs of ni- 
trogen in marine ecosystems over the last 30 years, since other contaminants such as 
heavy metals or pesticides are also responsible for ecological disequilibria. Moreover, his- 
torical surveys of marine ecosystems are fragmentary. Nevertheless, some obvious shifts 
in nitrogen levels and phytoplanktonic communities in the North Sea were stressed during 
an international conference (Ministerial Declaration, 1987): 
1) In 23 years, near Helgoland (North Germany), the winter value of total inorganic ni- 
trogen increased 1.7-fold (nitrate increased almost four-fold) and phosphate 1.5fold, 
while the dissolved silica level remained constant. 
2) At the same time, carbon present in silicateindependent flagellates increased six-fold 
while carbon in silicatedependent diatoms decreased by one half. 
Thus, the increase in phytoplankton biomass has been accompanied by a big shift in 
species composition from diatoms to  flagellates. It was also observed that the trends of 
phytoplankton increase were exponential while trends in nutrient concentrations were 
linear. This could be explained by a more efficient utilization of nutrients by flagellates 
compared to  diatoms. 
4. NOT IMPOSSIBLE CHANGES IN THE NEXT CENTURY 
4.1. Extrapolation of Current Trends up to 2010 
The  time up  to  2010 was chosen for this scenario because the statistical da t a  were 
taken from 1958, the year the Agricultural Yearbook begins t o  1984, and the time span 
between 1984 and 2010 is equivalent t o  the time between 1958 and 1984. 
Based on the statistical relationships between past and current inputs and outputs  in 
European soils, the nitrogen balance for 2010 was calculated (Figure 24). The  calculations 
assumed linear relationships, which may underestimate the amount of leaching. For 
example, according t o  some Swedish studies an increase of chemical fertilizer application 
above 100 kg N ha-' yr-' could lead t o  higher leaching than  tha t  estimated from the 
linear relationship (L. Kauppi, IIASA, personal communication, 1987). The  mean ra te  of 
chemical fertilizer application calculated for 2010 is 77 kg N ha-' of total area, i.e. 126 kg 
N ha-' of agricultural area. Even if leaching is underestimated, we still calculate a dras- 
tic increase in losses of nitrogen from the agricultural system t o  the aquatic system. With 
a 1.6fold increase in leaching, the mean concentration of nitrate in the groundwater 
would reach 80 mg NOC 1-' (with values of 385 mg NO; 1-' in some agricultural areas), 
well above the E.E.C.'s drinking-water standard. The  mean concentration in river water 
would exceed 30 mg NO? I-'. Although about 50% of the nitrogen leached from agricul- 
tural land is discharged t o  coastal ecosystems during winter months, in some rivers hav- 
ing long residence times (as with hydro-electric power plants, dams), and with a simul- 
taneous increase of phosphorus levels (Behrendt, 1988) episodes of eutrophication would 
probably increase. The  increasing losses t o  the environment would lead t o  nitrogen 
enrichment of coastal waters (about 60% if we consider the actual contribution of 
denitrification in freshwaters and estuaries). As we have seen, the problems caused by 
increasing nitrogen losses from European agriculture are not only high nitrate concentra- 
tions in groundwater, but  also ecological disequilibria in the aquatic environment as a 
whole. Therefore i t  seems necessary t o  adopt a global approach t o  the agricultural system 
in order t o  take into account the interactions tha t  exist between the different parts  of the 
biosphere. 
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4.2. Nitrogen Fluxes in Relation to Agricultural Problems 
The problems caused by nitrogen losses in the aquatic environment are now well 
known, and measures are being taken in some European countries against excessive fertil- 
izer application (e.g. high taxes on the purchase of chemical fertilizers). Thus, it would 
be rather surprising if the actual lasses in 2010 were as high as the above estimate. The 
application of new, less wasteful technologies, as well as economic and structural changes 
will certainly alter nitrogen cycling in agriculture in the next century. Nevertheless, in 
order to  foster sustainable development, it will be necessary to take a more global view 
concerning the management of the nitrogen-stock for enhancing agricultural productivity. 
As shown in Figure 25, the agricultural system is regulated by activities within the 
anthropogenic sphere. Energy is expended to  make nitrogen fertilizer. The atmosphere is 
the source of nitrogen. The fertilizer industry transforms molecular nitrogen into chemi- 
cal fertilizer in the forms of ammonium and nitrate. The fertilizer is added to  the soil in 
large amounts, and some of the nitrogen is returned to society as a component of 
foodstuffs (vegetables and livestock). Nitrogen is lost from the anthropogenic sphere to  
aquatic systems during the discharge of domestic and industrial sewage. It is important 
to note, however, that nitrogen fluxes between the anthropogenic sphere and the agricul- 
tural system are small compared to the fluxes within the agricultural system itself. 
The agricultural system, and especially the soil, is the place where the nitrogen 
transformation processes are most important. The soils receive large inputs (chemical fer- 
tilizer, manure), and much of these are transported to  the aquatic reservoir by leaching. 
Thus, viewing the system as a whole, the main problems result from leaching of nitrogen, 
owing to  a global, human-driven, nitrogen-flux from the atmosphere to  the aquatic en- 
vironmen t . 
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4.3. Agriculture and uNew-Technologieen 
The three principal sources of excess nitrogen in aquatic system are: (1) chemical 
fertilizers; (2) manure; and (3) domestic sewage. The most interesting new technologies 
are those which foster more efficient utilization of chemical fertilizers on one hand, and a 
higher degree of recycling of organic nitrogen (i.e., manure, domestic sewage) on the other 
hand. Although some short-term solutions have been proposed in order to reduce the 
high-nitrate concentrations found in aquatic systems (e.g., denitrification, dilution by 
"cleann water), the problem of eutrophication in rivers and marine waters still remains. 
Thus, i t  is mandatory to develop technologies that improve the aquatic environment as a 
whole. 
4.3.1. Soil leaching and nitrogen fixation 
Owing to  leaching, the residence time of nitrates in soils is short and this form of ni- 
trogen is available for the plants only during a short period. In order to  mitigate the 
leaching problem a first step could be to reduce the quantity of chemical fertilizer applied 
by half; i.e., from 74 to  37 kg ha-' yr-l of agricultural area (45 to  22 kg ha-l of total 
area). The direct effect would be a decrease of the plant uptake by 30%. In order to  
maintain the same production, it would be necessary to increme the percentage of agricul- 
tural land in Europe from 61% to  87%. Such an increase, however, is not likely t o  occur. 
Chemical fertilizere are usually spread in large quantities one or two times per year. 
A good way of limiting losses would be to  apply smaller quantities of fertilizer over longer 
periods of time. Currently this method would increase the costs of production. However, 
the nitrogen-fertilizer industry is developing granulated forms which release nitrates more 
slowly (L. Kauppi, IIASA, 1987, personal communication). Thus we may expect an im- 
provement in the efficiency of plant uptake of nitrogen fertilizers in the future. 
With regard to the biotechnologies, much research is focused on developing 
nitrogen-fixing bacteria that will live in symbiosis in the roots of cereals, much as they do 
currently for legumes. However, it is still not known whether such bacteria can actually 
be developed. If there is a breakthrough in this technology, use of synthetic nitrogen fer- 
tilizers would be drastically reduced, with large benefits for the environment and consider- 
able savings in energy. This would be particularly true if the nitrogen uptake were highly 
efficient with little loss of nitrate to the environment. 
Assuming the same levels of agricultural and livestock production are maintained, 
the accumulation of manure in the agricultural system will not change, even if solutions 
are found for the problem of leaching of chemical fertilizers. In fact, if nitrogen-fixing ce- 
reals are developed as described above, the problem may worsen since manure would no 
longer be an important source of fertilizer for cereals. Thus, a strategy would have to  be 
devised for utilizing the manure before it leaches into water systems. 
4.3.2. Manure and waste treatment 
While the solution for limiting losses of nitrogen fertilizer by leaching depends main- 
ly on the development of new technologies, the solution concerning pollution from excess 
manure relates more to a rigorous policy for treating organic wastes. Efficient methods 
for transforming manures into good nitrogen fertilizers exist. Broadscale use of manure- 
derived fertilizer would transform a current waste problem into a valuable resource. 
For example, earthworms, using manure as a source of food, produce a rich compost 
which is already used for fertilization of golf-links, playgrounds and market gardens. This 
compost generally contains organic nitrogen in part which is slowly mineralized, and 
therefore not easily leached. The worms can also be recovered and used as a protein 
source for livestock feed. Similarly, some vegetable species which are a potential source of 
food for cattle can be grown on the manure. By producing feedstuffs from manure, crops 
currently allocated for livestock could be reduced and therefore fertilizer inputs as well. 
Hence, such recycling of manure into compost and feedstuff could allow for a twofold 
reduction in inputs of chemical fertilizer. 
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Figure 26 Pcmible impact of new technologies on the future nitrogen fluxes in the 
biosphere. 
On the other hand, if nitrogen-fixing cereals are developed, manure will not be neces- 
sary for fertilization, and will constitute an excessive stock of nitrogen. It thus will be 
necessary to  denitrify this nitrogen in order to  balance the nitrogen fluxes between the 
different parts of the biosphere (Figure 26). 
In this case, the manure can be treated by microbial processes for the production of 
methane. This method has the advantage of recovering energy while denitrifying the ex- 
cess nitrogen. Domestic sewage should be similarly treated before being discharged into 
the aquatic environment. 
4.3.3. C o n c l u ~ i o n  
Many factors affect the nitrogen cycle in European ecosystems. Economic considera- 
tions are very important. Currently in the European Community, agriculture is highly 
subsidized by the member states, even though there is approximately a 20% level of over- 
production. If subsidies are reduced in the future (which is quite likely), there could be a 
large decrease in production, and hence in inputs of nitrogen fertilizer to  the soil. 
The nitrogen cycle can also be influenced by structural changes. An evolution to- 
ward extensive agriculture with lower chemical inputs per hectare and more land under 
cultivation (in order t o  maintain an overall constant level of production) is unlikely in so 
far as there is little extra land available for cultivation. In fact, the actual trend toward 
more intensive agriculture, and the conversion of marginal agricultural lands to  forests is 
envisaged. 
Even if nitrogen-fixation by cereals is not developed, fertilizers that r e l e e  nitrogen 
more slowly to  the environment (resulting in more efficient uptake by plants) will become 
available, and should be used. Moreover, a more efficient recycling of manure can and 
should be adopted (Figure 26). The reduction of nitrogen in excess manure by microbial 
processes should equal the inputs of atmospheric origin (natural nitrogen fixation or 
chemical fertilization). 
6. CONCLUSIONS 
In European ecosystems, the nitrogen cycle is strongly influenced by agricultural 
practices. This study hm shown relations between agricultural activity and environmen- 
tal problems. The losses of nitrogen by leaching not only cause high nitrate concentra- 
tions in groundwaters, but also ecological disequilibria in coastal waters. 
The disruption of the natural nitrogen cycle appears t o  be proportional t o  the scale 
of agricultural activity. The actual situation displays a disequilibrium of nitrogen fluxes 
from the atmosphere t o  the aquatic environment, and this trend will have to  change in 
order to  avoid ecological and economic problems in the next century. 
The eolutions depend on: (1) the development of new technologies such as nitrogen 
fixation by cereals; and (2) the promotion of more efficient recycling of nitrogen within 
the agricultural system itself. 
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